Synthetic studies of protodolomite were carried out for understanding the conditions of protodolomite formation in sedimentary environments. Protodolomite was tried to be precipitated from concentrated sea water (by evaporating sea water) by adding 0.4M-Na2C03 solution drop by drop. The obtained minerals were amorphous carbonate, aragonite, Mg-poor calcite, Mg-rich calcite, protodolomite, huntite, monohy dromagnesite, monohydrocalcite and trihydrocalcite, depending on the concentrations of calcium and magnesium ions in the brine water, the added amount of sodium carbonate and reaction time.
INTRODUCTION
One of the most interesting problems in the field of carbonate geochemistry is to clarify the conditions and processes of dolomite forma tion in sedimentary environments.
Dolomite and protodolomite have been syn thesized at elevated temperatures and pressures (GRAF and GOLDSMITH, 1958; ROSENBERG and HOLLAND, 1964; KATZ and MATTHEWS, 1977; LOVERING, 1969; GAINES, 1974) , but attempts under normal conditions have not been com pletely successful. Syntheses of Mg bearing car bonates at low temperatures were performed by KITANO and KANAMORI (1966) , GLOVER and SIPPEL (1967) , LIEBERMANN (1967) , OHDE and KITANO (1978) and KITANO et al. (1979) .
The present authros have attempted to synthesize protodolomite by adding Na2CO3 solution to cencentrated sea water. Recent do mite has been often observed in concentrated brine (ALDERMAN and SKINNER, 1957; BERNER, 1965; BUTLER, 1969; DEFEYES et al., 1965; BEHRENS, 1972; GRAF et al., 1960; BONATTI, 1966) . And NaHCO3 type ground waters were sometimes observed in anaerobic clayish Tertiary sediment which contained dolomite (KANESHIMA, 1960; OOMORI, unpublished data) . Twenty to 50mmol/1 of carbonate alkalinity is sometimes seen in the interstitial waters of anaerobic sediments (BERNER et al., 1970; BEN-YAAKOV, 1973; GARDNER, 1973; SHOLKOVITZ, 1973) . Carbonate alkalinity in sedimentary environ ments is supplied mainly through the process of sulfate reduction.
The authors considered that brine solutions with high carbonate alka linity are important for the formation of proto dolomite.
EXPERIMENTAL PROCEDURE
To clarify the conditions for the proto dolomite formation from brine waters, carbon ate minerals were synthesized according to the following procedure.
Sea water was collected from the coral reef area in Okinawa, evaporated at 70* C and filtered. Powdered limestone was suspended in the filtered brine solutions. Car bon dioxide was bubbled through the suspen sions, which were filtered again.
A 0.4 M Na2CO3 solution was added drop by drop to the filtrate up to 60 mmol/l. The parent solutions (250 to 460m1) were stirred continuously with a magnetic stirrer at 23 to 37°C. The initial Mgt+/Ca2+ molar ratio in the parent solution was 4 to 60. The pH values ranged from 6.35 (initial) to 8.23 (final). After 0 to 7 days, the obtained precipitates were washed with distilled water, dried at 50°C and identified by X-ray diffraction.
The calcium and magnesium con tents were determined by EDTA titration.
RESULTS AND DISCUSSION

Effect of brine concentration
The Mg"/ Ca" ratio and salinity of the brine water has increased with evaporation. The effect of brine concentration on the precipitation of carbonate minerals was examined.
The brine solutions were prepared by diluting sea water with dis tilled water four times of its original volume (salinity ratio = 1/4) and by evaporating up to one-tenth of its original volume (salinity ratio = 10). Parent solutions were prepared by using these brine solutions according to the procedure mentioned above. Twenty ml of 0.4M-Na2CO3 solution were added to 250m1 of a parent solu tion drop by drop at 33'C. The mineral com position of the formed carbonates is controlled by the reaction time, as discussed later in the section of "Effect of reaction time". The min erals obtained from the above various brine waters after 7 days of the reaction time were aragonite and rhombohedral carbonates such as low Mg-calcite, high Mg-calcite and protodolo mite. It is seen on Fig. 1 that the diffraction angle of (104) spacing of rhombohedral car bonates is strongly influenced by the concentra tion of brine waters. The Mg2+/Ca2+ ratio in the brine water was increased by evaporating sea water, since by evaporation of sea water magnesium ion concentration was simply in creased and calcium ion concentration was decreased owing to the precipitation of gypsum. The diffraction angle of (104) spacing of rhom bohedral carbonates changed from 20 (CuKa) = 29.4° to 30.8 in proportion to the Mg2+/Ca2+ ratio in the parent brine solution (OoMORI, 1974) . Sea water concentrated to 1 /8 of the original volume (salinity ratio = 8) was the most appropriate solution for the protodolo mite formation.
The diffraction pattern of syn thesized protodolomite is compared with that of natural ordered calcian dolomite in Fig. 2 .
The similarity of the patterns of the diffraction angles of minerals is remarkable, although the peakes of synthesized minerals are weak and broad as compared with those of natural calcian dolomite.
An ambiguous peak at 20 (CuKa) = 35.2° may be due to the (015) Effect of sodium carbonate The effect of sodium carbonate on the mineral composition of precipitates was studied by adding 0.4M Na2CO3 solution (0 to 60mmol/1) to the parent solution at 33° C, which was prepared by evapo rating sea water up to one eighth of its original volume and dissolving suspended limestone with CO2 bubbling. The results are shown in were added. Aragonite, high Mg-calcite and protodolomite, accompanied sometimes by trace amounts of mono-hydrocalcite and/or mono hydromagnesite, were precipitated on the addi tion of 20 to 55mmol/1 of Na2CO3. Huntite and aragonite were formed from the solutions on the addition of 60mmol/1 of Na2CO3. The Mg t+/Ca2+ ratio in the precipitate changed with the added amount of Na2CO3. The addition of sodium carbonate solution seems to favor the precipitation of both calcite type rhombohedral carbonate and carbonates containing higher amounts of magnesium in lattice such as high Mg-calcite, protodolomite and huntite.
The (104) reflection of rhombohedral car bonate also varied from 20 (CuKa) = 30.65 to 30.80° depending on the added amount of Na2CO3 in these runs. The best condition for the protodolomite formation from the 8 times concentrated brine was revealed on an addition of 40 to 50mmol/l of sodium carbonate. LIPPMANN (1973) precisely discussed on the reaction kinetics of carbonate formation. He stressed the role of carbonate ions in a parent solution which might promote the dehydration of soluble magnesium and aid the formation of Mg-bearing carbonates. KITANO (1962) showed that the addition of a moderate amount of NaHCO3 or Na2CO3 to calcium bicarbonate solutions favors the aragonite precipitation but the addition of a large amount favors calcite formation.
Effect of reaction time
The mineralogical variation of precipitates according to the reac tion time was examined. A 0.4M-Na2CO3 solu tion was added to the 8 times concentrated brine water to make up 30mmol/l. The solu tion was stirred at 3 5'C and also at 23° C. After a given reaction time, the precipitates were identified by X-ray diffractometry. The results are shown in Fig. 4 . In the experiments at 35'C, amorphous carbonate was first precipitated after the addition of sodium carbonate solution into the parent solution. Then mono-hydrocalcite and mono-hydromagnesite appeared.
Proto dolomite was observed to coexist with a small amount of mono-hydrocalcite. While the proto dolomite content gradually increased, mono hydrocalcite disappeared and then aragonite appeared. Later the aragonite content decreased again. Protodolomite seems to be formed at 35°C through the alteration of metastable minerals to stable minerals owing to the interaction with brine water. KATZ and MATTHEWS (1977) showed that dolomite could be transformed from arago nite via calcite under hydrothermal conditions, but in the present low temperature experiment, even low Mg-calcite could not be recognized coexisting with protodolomite.
Precipitating field of magnesium bearing carbon ates Precipitating field of magnesium bear ing carbonates is shown in Fig. 5 , as a function of evaporation degree of sea water and concen tration of carbonate ions added as Na2CO3 up to 60mmol/l. Figure 5 indicates that an increase in both the evaporation degree (related to Mgt+/ Cal' ratio and salinity) and the added amount of carbonate ions favors the formation of calcite type carbonates such as low Mg-calcite, high Mg calcite and protodolomite. And the magnesium content of the carbonates increased with increas ing Mg2'/Ca2+ ratio in solutions and added amount of sodium carbonate.
The relations between magnesium carbonate contents of Mg rich calcite and/or protodolomite and Mg2+/ Ca 2+ ratio in parent solutions were discussed by KITANO and KANAMORI (1966) , GLOVER and SIPPEL (1967) , KITANO et al. (1976) , KITANO et al. (1979), and OHDE and KITANO (1978) . Those and the present results agree with KATZ'S (1973) study on distribution of magnesium between calcite and solution. From his distribu tion coefficient; XMg = 0.0681 (35°C), the formation of magnesium bearing carbonate having stoichiometric dolomite composition is expected from solution having 17.7 molar ratio of Mg"/Ca", which corresponds to about 6 times (salinity ratio = 6) or more concentrated brine in the present study. It is seen from the present synthesis experiment that protodolomite is possibly formed from 7 to 10 times concent rated brine waters (salinity ratio = 7 to 10) by adding Nat CO3 to make up about 15 to 55 mmol/1 of carbonate ions. When the Nat CO3 concentration was 50mmol/l, the single phase of It is obviously shown that the concentration of carbonate ions in solution is important for the protodolomite formation as well as the Mgt+/ Ca2+ ratio in solution. Carbonate alkalinity in sedimentary environments is supplied mainly through the process of sulfate reduction. Car bonate alkalinities up to 50mmol/1 were some times observed in the interstitial waters of anaerobic marine sediments (BERNER et al., 1970; BEN-YAAKOV. 1973; GARDNER, 1973; SHOLKOVITZ, 1973) and ground waters (KANESHI MA, 1960) . The mineral assemblage obtained by the present study is analogous to those from South Australia and from Persian Gulf. Accord ing to the present results, the pH value in the parent solution was not always needed to be high. Thus it is expected that the experimental results of the present study are helpful for understanding the chemical conditions of natu ral protodolomite formation. The reusits of the low temperature synthetic study on magnesium bearing carbonates are summarized. 1) The role of carbonate ions in the protodolo mite formation is emphasized in addition to the Mg2+/Ca2+ ratio, salinity and temperature of the parent solution. 2) Protodolomite was formed from evaporated sea water (1/7 to 1/10 from its original volume) by adding Na2CO3 solution (15 to 5 5 mmol/1). 7) According to the X-ray diffraction and elec tron microscopic studies, the obtained protodolomite is poor in crystallinity and cation ordering.
